Objective. The Biobreeding diabetes prone (BBDP) rat spontaneously develops type 1 diabetes (T1D). Two of the genetic factors contributing to this syndrome are the major histocompatibility complex (Iddm1), and a Gimap5 mutation (Iddm2) responsible for a T lymphopenia. Susceptibility to experimentally induced T1D (exT1D) is widespread among non-lymphopenic (wild type Iddm2) rat strains provided they share the BBDP Iddm1 allele. The question follows as to whether spontaneous T1D (spT1D) and exT1D share susceptibility loci besides Iddm1. Our objectives were to map a novel, serendipitously discovered Iddm locus, confirm its effects by developing congenic sub-lines, and assess its differential contribution to spT1D and exT1D. Research Design and Methods. An unexpected reduction in spT1D incidence (86% to 31%, p<0.0001) was observed in an BBDP line congenic for a Wistar Furth (WF)-derived allotypic marker, RT7 (chromosome 13). Genome wide analysis revealed that, besides the RT7 locus, a WF chromosome 8 fragment had also been introduced. The contribution of these intervals to diabetes resistance was assessed through linkage analysis using 134 F2 (BBDP x double congenic line) animals, and a panel of congenic sub-lines. One of these sub-lines, resistant to spT1D, was tested for susceptibility to exT1D. Results. Both linkage analysis and congenic sublines mapped a novel locus (Iddm24) to the telomeric 10.34Mb of chromosome 8 influencing cumulative incidence and age of onset of spT1D but not insulitis nor exT1D. Conclusion. This study has identified a T1D susceptibility locus that appears to act after the development of insulitis, and regulates spT1D, exclusively.
Introduction
The BBDP rat spontaneously develops T1D, with a polygenic mode of inheritance (1) . Two T1D susceptibility loci, -Iddm1 and Iddm2 -have been identified. Iddm1 maps to the u haplotype of the Class II Major Histocompatibility Complex (RT1 in the rat) on chromosome 20 (2) (3) (4) (5) (6) . The Iddm2 susceptibility gene on chromosome 4 is Gimap5 (7; 8) . The BBDP Gimap5 allele results in the truncation of two thirds of the predicted gene product (7; 8) . This recessive mutation induces a peripheral T cell lymphopenia and most likely contributes to T1D through an altered development of regulatory T cells (1; 9) .
Attempts to map other spT1D loci by linkage have identified multiple loci which, with the exception of Iddm3 on chromosome 2, only show weak linkage (10; 11) . Furthermore, only Iddm8 on chromosome 6 has been mapped using multiple T1D-resistant strains and subsequently confirmed using congenic lines (11; 12) . These mapping results suggest that BBDP T1D is complex, requiring multiple predisposing gene alleles most having minor contributions to the overall autoimmune process, thus complicating the positional cloning of T1D genes (13) .
To overcome these difficulties in identifying susceptibility genes for spT1D, investigators have taken advantage of the striking observation that many strains of rats are highly susceptible to exT1D (6) . These exT1D syndromes develop rapidly and with high penetrance following either Kilham's virus infection or toll-like receptor ligation by poly I:C with, or without simultaneous depletion of regulatory T cells by treatment with depleting anti-ART2 monoclonal antibody (mAb) (1; 14) . Importantly, virusinduced exT1D requires both the BBDP Iddm1 allele and the wild type Iddm2 allele (1; 6; 14; 15) . Using crosses between parental strains satisfying both these requirements, loci conferring susceptibility to exT1D have been successfully mapped. However, notable observations have emerged from these studies. Thus far, there has been no overlap between the loci conferring susceptibility to exT1D and spT1D, despite the fact that in all of these studies one of the parental strains was either the BBDP or the genetically related Biobreeding diabetes resistant (BBDR) strain (16; 17) . One possible explanation for this is that although both syndromes share susceptibility alleles, exT1D bypasses several steps critical to the pathogenesis of spT1D, therefore requiring fewer susceptibility alleles, which facilitates their detection. Alternatively, some of the susceptibility alleles implicated in spT1D and exT1D are distinct, and among these, some could be specific for the procedure used to induce exT1D. For example, Iddm14 on chromosome 4 is implicated in the pathogenesis of T1D induced by either virus infection or treatment with poly I:C and anti-ART-2 mAb while Iddm20 on chromosome 17 is specific for virus-induced T1D (18) .
Here, we report on a novel T1D susceptibility locus in the BBDP rat, Iddm24, which has not been identified through any of the previous studies summarized above, but has a powerful effect on spontaneous T1D incidence. We have fine mapped this locus to the telomeric 10.34Mb of rat chromosome 8. Moreover, we show that this locus is specific for spT1D as it has no effect on susceptibility to T1D induced by poly I:C and anti-ART-2 mAb. This locus has been designated Iddm24 by the Rat Genome Nomenclature Committee and given the RGD_ID: 1599689. Information on this and each of the rat Iddm loci can be found on the rat genome database (http://rgd.mcw.edu/) and T1dbase respectively. CD45 congenic inbred BBDP rats were developed through introgression of the WF CD45 (RT7.2) allele onto BBDP rats by phenotypic selection of back cross breeders for >10 generations, followed by intercrossing. F2 rats were derived from a cross-intercross of the congenic and BBDP strains. A cohort of these F2 (n=134) was used for linkage analysis. Others exhibiting potentially informative recombinations were bred with BBDP rats. Resulting littermates retaining the parental recombination, were intercrossed to generate congenic sub-lines homozygous for these regions. BBnon-lyp rats are an Iddm2 congenic inbred line derived by the introgression of the wild type Iddm2 locus from the BBDR strain into the BBDP strain. Back cross breeders were selected for a normal proportion of peripheral blood T lymphocytes by flowcytometry for >10 generations, then intercrossed (19) . The resulting BBnon-lyp rats are nonlymphopenic hence spT1D resistant. Animals were maintained under specific pathogen-free and virus antibody-free conditions, and starting at 2 months, were screened for T1D development as previously described (19) . Non-diabetic littermates were killed at 4 months. After sacrifice, the pancreas was fixed in 10% formalin and assessed histologically after hematoxylin and eosin staining (H&E).
ExT1D was triggered through treatment of animals with poly I:C (1 g/g of body weight intraperitoneally 3 times a week) and DS4.23, an anti-ART2.1.1 mAb (50 g intraperitoneally 5 times a week) starting at 30 days of age (16) . Animals were tested for T1D development after 2 weeks of treatment. All animal protocols were approved by the Sunnybrook Animal Care Committee.
Genetic analysis
Genotyping was performed as previously described (19; 20) . All microsatellite primers were purchased from Sigma-Genosys (Oakville, Canada) and their physical location obtained from the Rat Genome Database (http://rgd.mcw.edu/). Genome coordinates indicated in figures 2, and 4a are derived from the Rat Genome Sequencing Consortium (RGSC) 3.4 assembly of December 2004. Additional primer information is available at www.well.ox.ac.uk/rat_mapping_resources. Novel microsatellite markers were identified through Tandem Repeat Finder (21) analysis. Prior to linkage analysis, R/QTL (22) was used to identify genotyping errors and check the marker order by re-estimating the genetic map for each order by calculating LOD scores (log 10 likelihood ratios) relative to the initial order. MAPMAKER/EXPv3.0 (23; 24) was used to construct the genetic linkage map and imported into Windows QTL Cartographer v2.5 (25) for interval mapping (26) and permutation tests to determine experimentalwide significance levels for each trait. LOD score thresholds were determined by permutation testing (n = 1,000 permutations) (27) . Significant loci were defined as those that exceeded the 95th percentile (p<0.05) of permutation distribution while highly significant loci exceeded the 99th percentile (p<0.01). Raw data used for this linkage analysis is available at http://t1dbase.org/downloads/Iddm24/.
Results and Discussion
CD45, a tyrosine protein phosphatase expressed on the surface of all hemopoietic cells, exists in two allelic forms in the rat that can be distinguished by specific mAbs. To facilitate lymphocyte transfer experiments, we developed CD45 congenic BBDP rats through introgression of the WF RT7.2 allele onto the BBDP (normally RT7.1) genetic background as described above. Unexpectedly, we observed a markedly reduced incidence of T1D in this congenic line (figure 1). Specifically, 31% of the RT7.2 congenic rats (n=36) vs 86% of BBDP rats (n=14) developed T1D by 120 days (p<0.0001 Kaplan-Meier log-rank statistic). Importantly, prospective analysis of pancreatic histology did not reveal significant differences in the kinetics or severity of islet inflammation between BBDP and RT7.2 congenic strains (data not shown). The ~3-fold reduction in T1D incidence suggests that WF alleles harboured within the congenic line confer diabetes resistance on a BBDP genetic background. The T1D incidence in F1(BBDP x RT7.2 congenics), 37%, was similar to that of the RT7.2 congenic line but significantly (p=0.0006 Kaplan-Meier log-rank statistic) reduced compared to BBDP rats, indicating a dominant mode of inheritance of the WFderived T1D resistance (Figure 1 ).
To find out whether WF-derived chromosomal regions other than the CD45 locus had also been introgressed into the congenic line, we used 208 genetic markers covering the genome at an average interval of <10Mb (maximum intermarker distance: 19Mb; maximum marker to telomere/centromere distance: 23Mb). This analysis revealed that over 38Mb of the telomeric end of chromosome 8 had also been captured from the WF strain (Figure 2) . No other chromosomal regions of WF origin were found, and, importantly, Iddm12 previously linked to T1D induced by poly I:C + anti-ART2.1.1 mAb (16) was excluded from the chromosome 13 congenic interval.
The apparent resistance to recombination in this large WF-derived chromosome 8 interval during more than 10 backcrosses may have been due to a chromosomal rearrangement at this location. To determine whether this was the case and to map the T1D resistance locus, we performed an F2 intercross between the RT7.2 congenic line and BBDP rats. F2 animals (n=134) exhibited normal recombination rates in both congenic regions. Furthermore, linkage analysis of this cohort revealed highly significant linkage on chromosome 8 (>99.9% confidence) with age of T1D onset (peak LOD 4.72) between D8Rat119 and D8Rat118, and significant linkage (>95% confidence) with T1D (peak LOD 2.92) at D8Rat119 (Figure 3) . No linkage of either trait to the chromosome 13 interval was found. As expected, given the similarity in pancreatic pathology between the two parental lines, insulitis and its severity failed to reach significant linkage to either interval. However, the strong linkage of disease incidence and age of onset to a region that does not seem to influence insulitis suggests that the chromosome 8 locus may control either the cellular composition of insulitis, and/or a step of the diabetogenic process occuring after the development of insulitis.
To confirm the results of the linkage analysis, congenic sub-lines isolating the entire chromosome 8 and 13 intervals in homozygous form were developed as described in Research Design and Methods, and their T1D susceptibility assessed ( Figure  4B ). The incidence of T1D in BBDP.WFchromosome 13 rats (82%, n=40) was similar to that of BBDP rats but significantly higher (p<0.0001) than that of BBDP.WFchromosome 8 rats (41%, n=61). Importantly, the incidence of T1D in BBDP.WF-chromosome 8 rats was similar to that of the original double congenic line. Furthermore, T1D onset in BBDP.WF-chromosome 8 rats was significantly delayed (p<0.0001) when compared to both BBDP and BB.WFchromosome 13 (BB.WF-13) strains ( Figure  4B ).
To refine the location of the chromosome 8 locus, five additional sub-lines dissecting this locus were developed, and their T1D susceptibility assessed ( figure 4A ). Sub-lines BBDP.WF-8a, -8b and -8c are still highly susceptible to T1D, with T1D incidences over 74%, while sub-lines BBDP.WF-8d and -8e are highly resistant to T1D (33% T1D incidence; p<0.0001 vs. sub-lines BBDP.WF8a, -8b and -8c) (figure 4B). There was no significant differences in age of T1D onset between sub-lines BBDP.WF-8d and -8e, nor between sub-lines BBDP.WF-8a, -8b and -8c. However, T1D onset was significantly (p<0.0001) delayed in BBDP.WF-8d rats when compared to BBDP.WF-8a, -8b and -8c animals. The differential T1D susceptibility of BBDP.WF-8c and BBDP.WF-8e sub-lines shows that one or more factors necessary for T1D resistance is present in the telomeric 10.34Mb of chromosome 8. Using the December 2004 RGSC 3.4 assembly, the coordinates for this region, from D8Rat121 to the telomere of chromosome 8 are 118,705,294 to 129,041,809. The congenic line BB.WF-8e, harboring Iddm24, has been registered on the Rat Genome Database as RGD_ID: 1599674. It is possible that T1D resistance requires an interaction between this factor and other loci, and their separation during the development of congenic sub-lines disrupts this resistance effect. The lack of significant difference in age of onset between the T1D resistant BB.WF-8e line and each of the susceptible lines may reflect such a complex gene interaction within Iddm24. Since both BB.WF-8d and -8e sub-lines are resistant to T1D though, all of the WF elements necessary for resistance must be present within the telomeric 20.39Mb of chromosome 8.
The identification of a novel Iddm locus on chromosome 8 was unexpected because no linkage to this region has previously been reported. Even more surprising was the identification of this locus in a cross between BBDP and WF rats which have been previously used to map Iddm loci (16) . There are several possible but not exclusive explanations for this apparent discrepancy. First, the size of the cohort used in this previous mapping study was relatively small hence could have missed an effect from chromosome 8. More importantly, this genetic analysis was applied to a cohort of animals in which T1D did not develop spontaneously but was induced by treatment with poly I:C + anti-ART2.1 mAb (16) . The differential contribution of some Iddm loci to spT1D and exT1D has been well established. For example, the Iddm1 u haplotype is required for both syndromes. In contrast, the BBDP Iddm2 allele is necessary for spT1D while wild type Gimap5 is required for virusinduced exT1D (16) . This suggests that the experimental procedures used for T1D-induction can bypass some of the steps leading to the spontaneous development of T1D.
This led us to determine whether the WFderived Iddm24 allele confers resistance not only to spT1D but to exT1D as well. To this end, non lymphopenic BBnon-lyp rats were crossed with the lymphopenic BBDP.WF-8e subline and the susceptibility of the non lymphopenic F1 offspring to T1D induced by poly I:C + anti-ART2.1 mAb was assessed. All F1 rats (n=10) developed T1D within 35 days of treatment. This 100% incidence is similar to that previously reported in (BBDP x WF) F1 (16) and indicates that the WFderived Iddm24 allele, while conferring dominant resistance to spT1D, either does not protect against this form of exT1D, or only confers resistance in a recessive manner. To distinguish between these two possible explanations, F1 animals were intercrossed, and susceptibility to T1D induced by poly I:C + anti-ART2.1.1 was assessed in the non lymphopenic F2 that were WF and BB homozygous or WF/BB heterozygous for the 20.39 Mb telomeric fragment of chromosome 8. All of the F2 animals developed T1D independent of their genotype at Iddm24 (10/10 WF/WF, 7/7 BB/BB, and 10/10 BB/WF rats), demonstrating that this locus only affects susceptibility to spT1D, and hence its lack of detection in previous studies. This locus contains a cluster of cytokine and chemokine receptors. It is not implausible that allelic variation in one or more of these genes could result in a distinct pattern of differentiation and/or tissue migration of T cell subsets required for the destruction of  cells. Linkage analysis using an F2 (BBDP x BB.WF-8/13) intercross (n=134), showing significant linkage with both T1D (solid line) and age of T1D onset (dashed line). LOD scores are shown on the Y axis, and were calculated using Windows QTL Cartographer v2.5 (25) . MAPMAKER/EXPv3.0 (23; 24) was used to construct the genetic linkage map using the 18 microsatellite markers shown on the X axis. LOD score thresholds were determined by permutation testing (n = 1,000 permutations) (27) . Significant loci were defined as those that exceeded the 95th percentile (p<0.05, dotted line) of permutation distribution while highly significant loci exceeded the 99.9th percentile (p<0.001, dash-dotted line). Highly significant linkage (>99.9% confidence) was reached with age of T1D onset (peak LOD 4.72) between D8Rat119 (120.53Mb) and D8Rat118 (123.89Mb), and significant linkage (>95% confidence) was reached with T1D (peak LOD 2.92) at D8Rat119. Above each line, the cumulative incidence of T1D is shown with highly susceptible and resistant lines designated '+' and '-', respectively. Congenic sub-lines BB.WF-8a, -8b and -8c are highly susceptible to T1D with ≥74% cumulative incidence, whereas BB.WF-8d, -8e, as well as the congenic retaining the whole fragment (BB.WF-8), are resistant to T1D with cumulative incidences ≤41% (p<0.0001 between T1D '+' and '-' sub-lines). Panel B shows the rates of T1D-free survival in BB.WF-congenic sub-lines, which carry different WF intervals of the chromosome 8 region. The congenic sub-lines BB.WF8a, -8b, and -8c which retain proximal portions of chromosome 8 WF alleles, and the BB.WF-13 line are all highly susceptible to T1D with no significant differences between their four survival curves. In contrast, the BB.WF-8 line and the BB.WF-8d and -8e congenic sub-lines which retain distal portions of chromosome 8 WF alleles are all highly resistant to T1D, again with no significant differences between their three survival curves. However, highly significant differences (p<0.0001 by Kaplan-Meier analysis log-rank statistic) were found between the survival curves of any of the susceptible and any of the resistant lines. The number of rats included for each line is indicated in the figure.
